Background {#Sec1}
==========

Polymorphic toxins (PTs) are multi-domain proteins involved in competition between bacteria and in pathogenesis \[[@CR1]\]. Most lineages of bacteria encode at least one PT system in their genome \[[@CR2]\]. PTs encompass colicins, soluble pyocins, toxic effectors of type V secretion systems (T5SSs), some toxic effectors of type VI secretion systems (T6SSs), and MafB toxins \[[@CR1], [@CR3]--[@CR5]\]. A PT family is defined by an N-terminal region harboring one or more conserved domains. For instance, a domain of unknown function named DUF1020 (PF06255) is found at the N-termini of all MafB toxins \[[@CR5]\], whereas phage late control gene D protein (Phage_GPD; PF05954) and phage base plate assembly protein (Phage_base_V; PF04717) domains are found at the N-termini of VgrG toxins \[[@CR6]\]. In contrast, the C-terminus of PTs harbors a set of diverse C-terminal toxin domains, which can have homologs in other distinct PT families \[[@CR1]\]. This shared pool of toxin domains between families is a hallmark of PT systems, with more than 150 distinct toxin domains identified so far \[[@CR2]\]. Most PTs have RNase, DNase, peptidase, or other protein-modifying activities \[[@CR2]\]. PTs can be secreted by various secretion systems. CdiA and BcpA toxins are secreted by CdiB and BcpB, respectively, and belong to the two-partner secretion protein family (*i.e.*, T5SS). CdiA and BcpA toxins require a direct contact for inhibition of bacterial competitors, hence the name contact-dependent inhibition (CDI) system \[[@CR7], [@CR8]\]. Certain PT families, including VgrG, Hcp, and PAAR proteins, have structural roles in the T6SS machinery in addition to their toxic activity \[[@CR9]\]. In these families, there are two main domain architectures: canonical proteins without a C-terminal extension and PTs bearing a C-terminal extension with toxic activity \[[@CR6], [@CR10]--[@CR12]\]. Besides, it has been demonstrated that a C-terminal extension of a VgrG protein of an enteroaggregative *Escherichia coli* strain did not harbor a toxic domain but mediated binding and transport of a toxic effector \[[@CR13]\].

When a bacterium produces an antibacterial toxin, it needs to protect itself from autointoxication and prevent self-inhibition. In most cases a small open reading frame (ORF) encoding a specific immunity protein is located immediately downstream of the toxin gene \[[@CR14]\]. PTs modulate the dynamics of microbial communities by killing or inhibiting the growth of competitors lacking the cognate immunity protein. For instance, the predominance of *E. coli* strain EC93 in the intestine of some commercial rats has been linked to CdiA toxin production \[[@CR15]\]. Indeed, CdiA of EC93 was shown to inhibit the growth of *E. coli* K12 strains \[[@CR7]\]. In *Burkholderia thailandensis*, BcpA is also involved in inhibiting growth of neighboring bacteria through contact \[[@CR8], [@CR16]\]. In addition, the Bcp system allows kin discrimination through the immunity proteins produced by bacteria \[[@CR16]\]. Furthermore, delivery of BcpA to immune bacteria mediates a contact-dependent signaling that promotes cooperative behavior such as biofilm formation \[[@CR17]\]. CdiA and BcpA toxins have only been shown to modulate competitive or cooperative relations between bacteria of the same species. In contrast, effectors of T6SS are involved in both intra- and inter-species competition and can also be delivered into eukaryotic cells \[[@CR12], [@CR18]\]. Indeed, a VgrG protein of *Vibrio cholerae* is responsible for remodeling of the actin cytoskeleton when injected into eukaryotic host cells \[[@CR12]\], whereas a VgrG toxin of another *Vibrio* strain hydrolyzes the cell wall of Gram-negative competitors \[[@CR6]\].

In comparison with the wealth of studies aiming to characterize PT systems in various genera of Proteobacteria (*e*.*g* *.*, *Escherichia, Pseudomonas, Burkholderia, Vibrio*, and *Neisseria*), only the WXG/LXG and Rhs PT families have been studied in monoderms \[[@CR19], [@CR20]\]. Monoderms encompass Firmicutes and Actinobacteria and are pivotal in human health. Indeed, they are major constituents of human microbiota accounting for \> 50% of the species recovered from skin, nose, stomach, and vagina \[[@CR21]\], and they also include major human pathogens \[[@CR22]\]. Several WXG/LXG toxins have been described in *Bacillus subtilis* \[[@CR19], [@CR23]\], in *Staphylococcus aureus* \[[@CR24]\], and in *Streptococcus intermedius* \[[@CR25]\]. The role of these toxins in inter-bacterial competition has been demonstrated in the last two species. In addition, an Rhs toxin named WapA confers a competitive advantage in competition assays \[[@CR20]\] and is involved in kin discrimination in *B. subtilis* \[[@CR26]\].

In this study, we provide an in-depth description of a new family of PTs harboring a domain of the MuF superfamily in their N-terminal region; this family has the unusual feature of being associated with temperate phages. Viruses that infect bacteria (hereafter designated "phages") may be "virulent," and thus restricted to act through the lytic cycle, or "temperate." The latter may either behave like virulent phages or integrate the bacterial chromosomes as prophages. Bacteria harboring prophages are called lysogens and account for nearly half of the sequenced bacteria \[[@CR27]\]. Most of the known phages are tailed phages belonging to the *Caudovirales* order \[[@CR28]\]. Overall, we found that 35% of the 1753 sequenced tailed phages and 30% of the 2622 prophages harbored a *muf* gene. Among 1515 *muf* genes, 13% encode toxin domains. The presence of a PT system in phages could have important implications for phage biology and microbial population dynamics.

Results {#Sec2}
=======

The MuF domain-containing proteins constitute a novel polymorphic toxin family {#Sec3}
------------------------------------------------------------------------------

### Definition of the MuF superfamily of proteins {#Sec4}

Mu is a temperate phage infecting *E. coli* which was first discovered due to its striking ability to transpose into the host genome \[[@CR29]\]. The name "MuF domain" originated from its original description in protein F of phage Mu (GpF) \[[@CR30]\], which is the prototypical MuF protein. Yet, both the MuF domain and the GpF protein have unknown functions. Very few MuF proteins have been characterized so far. The only MuF protein that has been the focus of several experimental studies is Gp7, which is encoded by *Bacillus subtilis* phage SPP1 \[[@CR31]--[@CR33]\]. Both GpF and Gp7 are monodomain proteins harboring a PF04233 domain (Phage_Mu_F domain, hereafter termed MuF1 domain) (Fig. [1](#Fig1){ref-type="fig"}). In the National Center for Biotechnology Information (NCBI) Conserved Domain Database, this MuF1 domain is a member of the cl10072 superfamily, which also includes the PF06152 domain (Phage_min_cap2 domain, hereafter termed MuF2 domain). Our initial searches, using hidden Markov model (HMM) profiles of MuF1 and MuF2 domains to retrieve proteins containing a MuF domain, revealed that *muf* genes were located immediately downstream of genes encoding phage portal proteins (Fig. [1](#Fig1){ref-type="fig"}), in line with previous observations \[[@CR2]\]. We used this contextual genetic information to define two additional MuF domains (MuF3 and MuF4) encoded by genes immediately downstream of phage portal genes and for which the corresponding proteins did not have known domains (see [Methods](#Sec13){ref-type="sec"}). HMM-HMM comparison \[[@CR34]\] of MuF domain HMM profiles showed that MuF3 and MuF4 domains share homology with both PF04233 (MuF1) and PF06152 (MuF2) (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). Hence, we enlarged the MuF superfamily by identifying two additional MuF domains (MuF3 and MuF4) for which we built HMM profiles (see [Methods](#Sec13){ref-type="sec"} and Additional file [2](#MOESM2){ref-type="media"}: Table S3).Fig. 1Genetic organization of the head morphogenesis and DNA packaging modules of four phages encoding a MuF protein. SPP1 is a virulent *Bacillus subtilis* phage of the *Siphoviridae* family \[[@CR31]\]. SPP1 encodes a short MuF1 protein. SF370.1 is a mitomycin C inducible prophage of M1 serotype *Streptococcus pyogenes* isolate SF370 and belongs to the *Siphoviridae* family \[[@CR38]\]. SF370.1 encodes a MuF toxin of the MuF2 family with a putative nuclease activity. SM1 is a mitomycin C inducible prophage of *Streptococcus mitis* belonging to the *Siphoviridae* family \[[@CR35]\]. SM1 encodes a MuF toxin of the MuF3 family with a putative nuclease activity. Mycobacteriophage Angel is a temperate phage of *Mycobacterium smegmatis* encoding a MuF4 protein with a C-terminal extension without predicted domain \[[@CR69]\]

To detail preliminary indications of a strong association of *muf* genes with phages, we searched for them in bacteriophage and bacterial genomes. We used protein profiles of the four MuF domain families (Additional file [2](#MOESM2){ref-type="media"}: Table S3) to retrieve all proteins containing a MuF domain from the predicted proteomes of 1845 bacteriophages and 2464 bacterial genomes (Additional file [2](#MOESM2){ref-type="media"}: Tables S1, S2). Altogether, we identified 614 and 901 MuF proteins in bacteriophage genomes and bacterial chromosomes, respectively (Additional file [2](#MOESM2){ref-type="media"}: Tables S1, S2, S4, S5). With rare exceptions, phages had only one *muf* gene (614 *muf* genes were retrieved from 611 distinct phage genomes).

### Domain architecture of MuF domain-containing proteins {#Sec5}

Among all four families of MuF proteins, we found two major domain architectures: canonical proteins without a C-terminal extension (henceforth called short) and proteins with a C-terminal extension (Fig. [2a](#Fig2){ref-type="fig"}). We identified toxin domains among 34% of the latter (Fig. [2b](#Fig2){ref-type="fig"}, Additional file [2](#MOESM2){ref-type="media"}: Tables S4, S5), corresponding to a total of 13% (*n* = 191) putative toxins among MuF proteins.Fig. 2General description of the 1515 MuF proteins detected in this study. **a** Schematic representation of the main domain architectures of MuF proteins. MuF proteins containing a MuF domain (blue box) without a C-terminal extension (Ct_ext) are called short MuFs. MuF proteins with a Ct_ext either harbor a known toxin domain (red box) or an unknown domain (gray box). **b** The inner circle represents the proportion of MuF proteins without Ct_ext (in blue), with a toxin domain (in red), or with an unknown domain (in gray). The outer circle represents their distribution within bacteriophages (in light gray) and bacterial genomes (in black). **c** Taxonomic distribution of bacteria and of hosts of the phages encoding a MuF protein according to the aforementioned categories. There is a significant association of *muf* genes encoding toxin proteins with Firmicutes compared to *muf* genes encoding short proteins (*p* \< 0.0001, two-tailed Fisher\'s exact test), and there is a significant association of *muf* genes encoding proteins with a C-terminal extension without known domain with Proteobacteria compared to *muf* genes encoding short proteins (*p* \< 0.0001, two-tailed Fisher\'s exact test)*.* **d** Association of known toxin domains (red nodes) with MuF domain families (orange nodes) and with other polymorphic toxin families (blue nodes). Only known toxin domains harbored by at least five MuF proteins were reported in this network that includes 172 MuF toxins. The thickness of the edges is proportional to the abundance of the toxin and MuF domain combinations. The size of the orange (MuF families) and red (toxin domains) nodes is proportional to the number of MuF proteins. Toxin domains are described in Additional file [2](#MOESM2){ref-type="media"}: Table S7

As expected for PTs, most toxin domains found among MuF proteins had homologs in other PT families (75%, *e.g*., cd13442, Ntox50, and EndoU_bacteria domains) (Fig. [2d](#Fig2){ref-type="fig"}, Additional file [2](#MOESM2){ref-type="media"}: Table S7). More than half of the 191 putative MuF toxins had a nuclease domain, and 20% presented a metallopeptidase domain. ADP-ribosyl transferase and RelA-like domains were also frequently identified (Additional file [2](#MOESM2){ref-type="media"}: Tables S4, S5, S7).

Intriguingly, phages of Proteobacteria had many MuF proteins harboring a C-terminal extension without known domains (Fig. [2c](#Fig2){ref-type="fig"} and Additional file [3](#MOESM3){ref-type="media"}: Figure S2). We defined a new domain (termed Ct_MAD for C-terminal MuF Associated Domain) present in one third of these C-terminal extensions (Additional file [2](#MOESM2){ref-type="media"}: Tables S3--S5). However, it remains to be determined if the Ct_MAD domain and the remaining C-terminal extensions without known domains correspond to novel toxin domains.

### Arguments in favor of MuF toxicity {#Sec6}

If a bacterium produces a MuF protein with a toxic activity targeting bacterial cytosolic compounds (*i.e*., a nuclease), it should also produce a protective immunity protein to prevent self-intoxication. ORFs encoding immunity proteins are difficult to identify because they are often very short (less than 150 aa) and do not contain known domains \[[@CR2], [@CR14]\]. Most (89.4% of the 191 *muf* toxin genes) of the genes encoding MuF toxins identified in our study are followed by a small ORF potentially encoding a polypeptide of less than 150 aa (Additional file [4](#MOESM4){ref-type="media"}: Figure S3). In contrast, only 25.5% of the 952 genes encoding short MuF proteins are followed by a similarly small ORF (Additional file [4](#MOESM4){ref-type="media"}: Figure S3). MuF toxin genes were more likely than short MuF genes to be associated with small ORFs (*p* \< 0.0001, two-tailed Student's *t* test for the comparison of the lengths of ORFs downstream of *muf* genes) and supports the hypothesis that these small ORFs would encode immunity proteins, necessary only if a toxin domain is present in the MuF protein.

Furthermore, we identified one instance where a MuF toxin C-terminal region together with the small ORF downstream are homologous to a toxin-immunity module of a MafB toxin \[[@CR5]\]. As expected, since MuF and Maf are distinct PT systems, the N-terminal regions of the MuF and MafB toxins are unrelated (Additional file [5](#MOESM5){ref-type="media"}: Figure S4). Interestingly, this MuF toxin is encoded by a *Streptococcus mitis* phage \[[@CR35]\], and the MafB toxin is encoded on a genomic island of a *Neisseria meningitidis* strain. Since both species share the same niche in the human nasopharynx, the possibility of DNA exchange between them may be advocated.

Distribution of MuF proteins and toxins {#Sec7}
---------------------------------------

### MuF proteins and toxins are encoded by bacteriophages and bacterial genomes {#Sec8}

We found that around 35% of the 1753 tailed phages and 25% of the 2464 bacterial genomes in our datasets harbored at least one *muf* gene (Fig. [3](#Fig3){ref-type="fig"}). MuF protein families were very unevenly distributed. MuF proteins belonging to the MuF1 family were the most abundant and were identified in many taxa. The three other families were almost exclusively found in Firmicutes and Actinobacteria and their phages (Fig. [4](#Fig4){ref-type="fig"}). These results show that MuF domain-containing proteins are widespread. While MuF proteins are equally abundant in Proteobacteria and Firmicutes or their phages, the MuF toxins were much more abundant in Firmicutes or their phages (Fig. [2c](#Fig2){ref-type="fig"} and Additional file [3](#MOESM3){ref-type="media"}: Figure S2).Fig. 3Proportion of genomes encoding MuF per clade. Proportion of genomes encoding at least one MuF protein (*MuF+*, in red) or without MuF protein (*MuF--*, in blue) according to the taxonomy of the host's *Caudovirales* bacteriophage (left) and of the bacterial genome (right). The total number of genomes in each clade was indicated for both datasets. Only bacterial clades with at least four sequenced genomes were reported (for simplicity). Around 35% of *Caudovirales* and 25% of bacterial genomes contained at least one MuF protein (*MuF+*) Fig. 4Taxonomic distribution of the 1515 MuF proteins according to their MuF families. **a** Proportion of MuF protein families and their repartitions within bacteriophage (in light gray) and bacterial (in dark gray) genomes. **b** Taxonomic distribution of bacteria and of phages' hosts encoding MuF proteins. Only bacterial clades with at least eight sequenced genomes were reported (for simplicity). The size of the circles is proportional to the number of MuF proteins

The presence of *muf* genes in our bacteriophage dataset led us to investigate in a systematic manner the association of *muf* genes harbored by bacterial genomes with chromosomally integrated phages (*i.e.*, prophages). First, we identified prophages in all bacterial chromosomes (see [Methods](#Sec13){ref-type="sec"}) and found that 98% of genomes encoding MuF proteins were lysogens. Among the 901 *muf* genes identified in these bacterial chromosomes, most (90%) were located within prophages and 3% within putative prophage remnants (elements smaller than 18 kb; see [Methods](#Sec13){ref-type="sec"}). Among the remaining, nearly half were found to be located close to genes encoding proteins with similarity to portal or terminase proteins, and could also correspond to prophage remnants (see [Methods](#Sec13){ref-type="sec"}). Altogether, almost all (96%) of the *muf* genes found in bacterial genomes were associated with either complete prophages or prophage remnants (Additional file [2](#MOESM2){ref-type="media"}: Table S6). Reciprocally, around 30% of the 2622 identified prophages (\>18 kb) encoded MuF proteins.

### MuF toxins are associated with temperate tailed phages {#Sec9}

Local gene organization in bacteria and phages provides important information on the likely function of genes, because genes with closely related functions (partners of a protein complex or enzymes of a pathway) tend to be encoded close in the genome \[[@CR36], [@CR37]\]. We thus studied the local genetic context of *muf* genes. In agreement with the genetic context used when defining the MuF superfamily, most (85%) of the 614 *muf* genes identified in bacteriophage genomes had a gene predicted to encode a portal or a terminase domain in the vicinity (Additional file [6](#MOESM6){ref-type="media"}: Figure S5A; see [Methods](#Sec13){ref-type="sec"}). This genetic context around *muf* genes was highly conserved in bacterial chromosomes, since 87% of *muf* genes of this dataset were also detected close to at least one portal-encoding gene or one terminase-encoding gene (Additional file [6](#MOESM6){ref-type="media"}: Figure S5). Therefore, *muf* genes were frequently found in the "DNA packaging" module of tailed phages, explaining why they were restricted to the *Caudovirales.* Among the 1753 *Caudovirales* phages of our dataset (Additional file [2](#MOESM2){ref-type="media"}: Table S1), 35% encoded a MuF protein. But these were not evenly distributed between the *Caudovirales* families, with most MuF proteins encoded by *Siphoviridae* (86%), 11% by *Myoviridae*, and the remaining by *Podoviridae* (Fig. [5](#Fig5){ref-type="fig"} and Additional file [2](#MOESM2){ref-type="media"}: Tables S1--S4). Strikingly, more than half (57%) of the 931 *Siphoviridae* of our dataset encoded a MuF protein (Fig. [5](#Fig5){ref-type="fig"}). The abundance of MuF proteins encoded by *Siphoviridae* genomes suggests a general functional or structural role of MuF proteins locating in the viral head of *Caudovirales*, in line with the experimental data on the Gp7 protein of *Bacillus subtilis* bacteriophage SPP1 \[[@CR31]--[@CR33]\]. Indeed, in bacteriophage SPP1, Gp7 binds the portal protein and is present in one to two copies per capsid \[[@CR31]\].Fig. 5Proportion of bacteriophage genomes encoding MuF per phage family and lifestyle. Proportion of tailed-phage genomes encoding a MuF protein (*MuF+*, in orange) or none (*MuF--*, in black) according to the phage family (left) and the phage lifestyle (center). Proportion of short (in blue), with toxin domain (in red), or with unknown domain (in gray) MuF proteins and their repartition within virulent and temperate tailed phages (right). There is a significant association of *muf* genes with *Siphoviridae* compared to other families of *Caudoviridae* (*p* \< 0.0001, two-tailed Fisher\'s exact test), and there is a significant association of *muf* genes with temperate compared to virulent phages (*p* \< 0.0001, two-tailed Fisher\'s exact test)*.* The association of *muf* toxin genes with temperate phages is not significant (*p* = 0.055, two-tailed Fisher\'s exact test) due to the small number of *muf* toxin genes in the phage dataset

We predicted the lifestyle (virulent versus temperate) of 979 *Caudovirales* phages (see [Methods](#Sec13){ref-type="sec"}, Additional file [2](#MOESM2){ref-type="media"}: Table S1), which allowed us to determine that virulent phages encoded very few MuF proteins and contained no single MuF protein with a known toxin domain (Fig. [5](#Fig5){ref-type="fig"}). In contrast, many temperate phages infecting Firmicutes encoded MuF proteins with toxin domains (Additional file [3](#MOESM3){ref-type="media"}: Figure S2C). In Proteobacteria, MuF proteins with a Ct_MAD domain were also restricted to temperate phages (Additional file [2](#MOESM2){ref-type="media"}: Table S4). Since MuF toxins are restricted to temperate phages, and the genes found in bacterial genomes are in prophages, we hypothesized that there is most likely a link between lysogeny and MuF proteins carrying toxin domains.

Among the prophages harboring MuF toxin genes, several have been shown to be inducible, including SF370.1 of *Streptococcus pyogenes* \[[@CR38]\], SM1 of *Streptococcus mitis* \[[@CR35]\], StB12 of *Staphylococcus hominis* \[[@CR39]\], and several prophages of *Enterococcus faecalis* \[[@CR40]\]. Hence, MuF toxins are present in fully functional prophages. Furthermore, in a proteomic analysis of the StB12 phage, the MuF toxin was detected \[[@CR39]\].

### Genes encoding MuF toxins are present in the human gut microbiota {#Sec10}

Our results on bacteriophages and bacterial genomes demonstrated a strong association of MuF toxins with both temperate phages and prophages of Firmicutes. Hence, these toxins could play an important role in gut microbiota, especially since more than half of the bacteria found in the gut belong to the Firmicutes phylum \[[@CR21]\]. We thus searched for MuF proteins in human gut microbiomes, using a non-redundant catalog of 10 million proteins \[[@CR41]\]. We found that 51% of the 6406 MuF proteins present in the human gut catalog have a C-terminal extension and 67% of these have known toxin domains (Additional file [2](#MOESM2){ref-type="media"}: Table S8). These results strongly favor a role for MuF toxins in the bacterial population ecology of the human gut microbiome by influencing bacteria-phage interactions.

Discussion {#Sec11}
==========

In this work, we discovered many PTs associated with MuF domains on temperate phages. The most studied MuF protein is encoded by *Bacillus subtilis* phage SPP1 (Gp7) \[[@CR31]--[@CR33]\], where it is present in one to two copies per capsid in a complex with portal proteins \[[@CR31]\]. Gp7 harbors no toxin domain. To our knowledge, the only MuF protein with a toxin domain studied so far is the EFV toxin (Q838U8) encoded by a lysogenic phage of the *Enterococcus faecalis* strain V583 \[[@CR42]\]. EFV toxin is a MuF1 protein with an ADP-ribosyl transferase activity, which is toxic when expressed in yeast \[[@CR42]\].

We hypothesize that the toxin domain of MuF proteins could be delivered into host bacteria during phage DNA injection. In contrast to the widespread distribution of *muf* genes, those encoding a toxin domain were present only in temperate phages and were vastly over-represented in prophages of Firmicutes. These findings suggest that MuF toxins could influence the lysogenic decision. Alternatively, MuF toxins could act as molecular weapons in inter-bacterial competition.

There are many examples of prophages encoding toxins with anti-eukaryotic activities involved in bacterial virulence \[[@CR43]\]. These include *E. coli* prophages encoding Shiga toxin, filamentous phage CTXφ encoding the cholera toxin, or *S. aureus* prophages encoding the Panton-Valentine leukocidin \[[@CR43]\]. Besides, several prophage toxin-antitoxin (TA) genes were reported \[[@CR44]--[@CR47]\], *e.g*., in extra-chromosomal prophages P1 and N15, where they may stabilize the presence of prophages though post-segregational killing, as is often the case in plasmids \[[@CR48]\]. In addition, multi-protein structures termed "tailocins" have been described in the genomes of *Pseudomonas*. Tailocins are morphologically similar to phage tails and exhibit a bacteriotoxic activity via direct perforation of the cell envelope. Bacteriocins are often encoded close to the tail cassette \[[@CR49]\].

The predicted targets of MuF toxins encompass RNA molecules, for putative ribonucleases, and (p)ppGpp metabolism, for putative RelA-like MuF toxins (Additional file [2](#MOESM2){ref-type="media"}: Table S7). Both substrates are likely to be primarily encountered in the host cytoplasm. We hypothesize that MuF toxins are loaded into the viral head to be delivered to bacteria concomitantly with the injection of phage DNA into the host cytoplasm. Infecting phages are known to inject proteins along with their DNA in the bacterial cytoplasm, as demonstrated for several ADP-ribosyl transferase proteins of virulent T4 phage \[[@CR50]\]. In support of this hypothesis, 14% of the 191 MuF toxins identified in our study are also putative ADP-ribosyl transferases (Additional file [2](#MOESM2){ref-type="media"}: Tables S4, S5).

What could be the role of MuF toxins? If these proteins, or their toxin domains, are delivered into the host cytoplasm, their effects may resemble those of homologous toxin domains of T6SS and T5SS, which lead to growth inhibition of the competitors. The presence of MuF toxins almost exclusively on temperate phages and prophages suggests an association with lysogeny. We speculate that the role of MuF toxins will depend on the level of toxicity of the protein. If the few MuF toxin protein molecules carried by the phage are moderately toxic, as expected from peptidase or ADP-ribosyl transferase activities, they could guide the decision between lysis and lysogeny, for instance by sensing growth, or providing resistance to cellular defense mechanisms (Fig. [6a](#Fig6){ref-type="fig"}).Fig. 6Proposed model for the role of phage-delivered MuF toxins exhibiting a low (**a**) or high (**b**) toxic effect in host bacteria. **a** MuF toxin with a low toxic effect such as proteases or ADP-ribosyl transferases could influence the lysis-lysogeny decision of the phage with the aim of making the optimal decision at the time of infection. **b** MuF toxin with a high toxic effect could be involved in inter-bacterial competition. When population A of lysogens is mixed with population B of non-lysogens, phages carrying a MuF toxin could deliver their toxins to susceptible bacteria of population B. The delivery of a toxin with a highly toxic effect, such as a nuclease, into bacteria of population B leads to either a direct inhibition of their growth (dormancy) or killing by induction of the lytic cycle. In both cases, population A of lysogens will outcompete population B of non-lysogens. Thus, bacteria harboring a phage encoding a MuF toxin will have a competitive advantage

Some PTs with nuclease activity are known to be highly toxic and serve as antibacterial weapons. For instance, it has been demonstrated that the cd13442 toxin domain of the CdiA-2 toxin (I1WVY3) of *Burkholderia pseudomallei* 1026b has tRNA nuclease activity and is required for contact-dependent growth inhibition of neighboring competitors \[[@CR51], [@CR52]\]. Such highly toxic MuFs could enhance the role of temperate phages in bacterial competition (Fig. [6b](#Fig6){ref-type="fig"}). It has been proposed that bacteria use their prophages to remove competitors from a niche \[[@CR53]\], and that this could impact bacterial pathogenesis \[[@CR54]\]. This mechanism would work as follows: a lysogenic population would produce phages by lysis of a subpopulation of cells and thus kill sensitive competitors (siblings are protected by their own prophages encoding an immunity protein). However, the effect of this mechanism is short-lived, since the phage will eventually lysogenize some competitors, rendering them immune to superinfection \[[@CR55]\]. This is where the MuF toxin may play a role. If infection by the phage results in lysogeny, the incoming toxin could, at least temporarily, inhibit bacterial growth and provide a competitive advantage to the population carrying the prophage (Fig. [6b](#Fig6){ref-type="fig"}). Hence, phages would either kill or inhibit the growth of the competing population.

Conclusions {#Sec12}
===========

The abundance of MuF PTs suggests the existence of a toxin phage-delivery system and raises intriguing possibilities for their function in the context of phage-bacteria and inter-bacterial interactions. The latter could be important in environments such as human-associated ecosystems, where multiple strains of the same species or closely related species compete for the same niche \[[@CR56]\]. Strikingly, MuF toxins are particularly abundant in phages and prophages of Firmicutes that are significant members of the human microbiota in various niches \[[@CR21]\] and include major human pathogens. Indeed, we found MuF toxins in important human pathogens including *Streptococcus pyogenes* and *Enterococcus faecalis*.

Methods {#Sec13}
=======

Datasets {#Sec14}
--------

The sequences and corresponding annotations of 1845 complete bacteriophage genomes and 2462 complete bacterial genomes were retrieved from GenBank Refseq (last accessed September 2016) \[[@CR57]\].

The phage dataset contained 1753 *Caudovirales* (95%), of which 53%, 27%, and 19% were *Siphoviridae*, *Myoviridae*, and *Podoviridae*, respectively. The order, the family, the type of nucleic acid, and the bacterial host of bacteriophages were extracted from the GenBank files. The lifestyle of *Caudovirales* phages was predicted using Phage Classification Tool Set (PHACTS) v0.3 \[[@CR58]\] (as in \[[@CR27]\]). PHACTS predicts the lifestyle of a phage (*i.e*., virulent or temperate) from genomic data using both a similarity and a supervised random forest algorithm. The classification is based on the similarity to phages with known lifestyles in a manually curated database. Predictions were considered as confident only if the averaged probability score of the predicted lifestyle is two standard deviations (SDs) away from the averaged probability score of the other lifestyle, as recommended by the authors (who claim a precision rate of 99% with this parameter). We classified with such high confidence 55% of the dataset (*i.e*., 410 virulent and 600 temperate phages). The general characteristics and the result of lifestyle prediction for each phage are listed in Additional file [2](#MOESM2){ref-type="media"}: Table S1.

Prophages were detected in bacterial chromosomes as in \[[@CR27]\] using Phage Finder v4.6 \[[@CR59]\]. The elements larger than 18 kb were considered as prophages. The smaller elements identified by Phage Finder may be prophage remnants or erroneous assignments. Thus, we identified 2622 large prophages (\>18 kb). We found that 50% of the strains were lysogenic (*i.e*., contained at least one large prophage), consistent with our previous analysis \[[@CR27]\]. The characteristics of the bacterial genomes and their prophages are reported in Additional file [2](#MOESM2){ref-type="media"}: Table S2.

Amino acid sequences of the integrated reference catalog of the human gut microbiome were retrieved from \[[@CR41]\].

Construction of MuF and Ct_MAD profiles {#Sec15}
---------------------------------------

The HMM profiles PF04233 corresponding to MuF1 and PF06152 corresponding to MuF2 were retrieved from the Pfam 28.0 database \[[@CR60]\] (for details see Additional file [2](#MOESM2){ref-type="media"}: Table S3). We built profiles for MuF3 and MuF4. For this, we used N-terminal regions (250 amino acids) of the Gp35 protein from *Streptococcus mitis* phage SM1 (NC_004996) and of the Gp4 protein from mycobacteriophage Angel (NC_012788) as seed sequences for MuF3 and MuF4, respectively. Seed sequences were used as queries for the Position-Specific Iterative (PSI)-Basic Local Alignment Search Tool (BLAST) algorithm of the BLASTP 2.3.1+ program \[[@CR57]\] that was used to search homologies in the NCBI\'s non-redundant (nr) protein database with default parameters. Redundancy of the sequence set retrieved from BLASTP was reduced using CD-HIT v4.6 \[[@CR61]\] with a 90% identity threshold. The longest representative sequence of each cluster was then aligned with MUSCLE v3.8.31 \[[@CR62]\]. HMM profiles were built from the multiple sequence alignments using *hmmbuild* of HMMER v3.1b1 \[[@CR63]\] with default parameters.

To build the HMM profile Ct_MAD, we used the C-terminal extensions of MuF proteins without known domains and clustered them with Single Linkage Clustering of Sequences (SiLiX, sequence identity ≥ 30% and overlap ≥ 50%) \[[@CR64]\]. We obtained eight families with more than five sequences. Domain analysis with CDvist tool \[[@CR65]\] showed that four of these families have hits within the C-terminal region of COG2369, which is a cluster of orthologous groups including proteins with a MuF1 domain. The profile Ct_MAD was built from the multiple sequence alignment of the sequences of the four families following the same procedure as for MuF3 and MuF4. MuF3, MuF4, and Ct_MAD HMM profiles are available (Additional files [7](#MOESM7){ref-type="media"}, [8](#MOESM8){ref-type="media"}, and [9](#MOESM9){ref-type="media"}).

HMM profiles of the four MuF domains were compared using the HHsearch program of HH-suite v2.0.15 with default parameters \[[@CR66]\]. HMM profiles used for comparison were built with the HHmake program of HH-suite from the same seed alignments previously used to build the profiles with HMMER. Cytoscape v3.4.0 was used to visualize the resulting domain association network (Additional file [1](#MOESM1){ref-type="media"}: Figure S1) \[[@CR67]\].

Genetic context of genes encoding a MuF domain in bacteriophages and bacterial chromosomes {#Sec16}
------------------------------------------------------------------------------------------

A *muf* gene was regarded as part of a prophage if it was within the boundaries of the large prophage coordinates identified within bacterial chromosomes by Phage Finder (see above). It was considered as part of a remnant prophage if it was located within prophages smaller than 18 kb or if it was near portal and/or terminase genes.

We retrieved all the HMM profiles known to be associated with portal (P), terminase small (TSS), and large subunit (TLS) proteins from Pfam and TIGRFam (Additional file [2](#MOESM2){ref-type="media"}: Table S3). We performed a search of these profiles in bacteriophages and bacterial chromosomes using HMMER3 v3.1b1 with the --cut_ga option. We only selected the best e-value profile for each hit and considered, for each of the three categories, *i.e*., P, TSS, and TSL, the closest gene to the *muf* gene. Then, we computed the minimal distance between each *muf* gene and P, TLS, and TSS genes (10 genes around each *muf* gene). This allowed us to clearly identify the genetic context in the vicinity of *muf* genes in both bacteriophages and bacterial chromosomes.

Since more than 60% of *muf* genes were located in +1 of a P gene, we analyzed proteins encoded by genes immediately downstream of P genes (+1) in the phage dataset in order to search for possible additional MuF domains. We did not identify proteins belonging to additional MuF families among the proteins encoded by these genes.

Identification of MuF proteins {#Sec17}
------------------------------

We used the HMM profiles of MuF1, MuF2, MuF3, and MuF4 domains to scan our datasets of bacteriophages and bacterial genomes using the *hmmsearch* program of HMMER v3.1b1 with the --cut_ga option. The results of the detection and the RefSeq accession numbers of all the MuF proteins are reported for phages and bacterial genomes in Additional file [2](#MOESM2){ref-type="media"}: Tables S4 and S5, respectively. The list of the MuF proteins retrieved from the integrated reference catalog of the human gut microbiome is provided in Additional file [2](#MOESM2){ref-type="media"}: Table S8.

Architecture of MuF proteins {#Sec18}
----------------------------

Domain architectures of MuF proteins were analyzed with the CDvist tool \[[@CR65]\] against the Pfam 28.0 domain database \[[@CR60]\] and the Conserved Domain Database (CDD) v3.12 \[[@CR57]\]. To determine the minimal length required to define the presence of a C-terminal extension, we searched for the shortest C-terminal extension containing a toxin domain in our dataset. We found a MuF4 toxin with an endoU domain from *Bifidobacterium bifidum* carrying a C-terminal extension of 113 amino acids. Consequently, we set a cut-off equal to or greater than 100 amino acids to define the presence of a C-terminal extension.

The occurrence of MuF-associated toxin domains in other PT families was investigated using the Conserved Domain Architecture Retrieval Tool (CDART) of NCBI \[[@CR68]\]. Cytoscape v3.4.0 was used to visualize the resulting domain association network \[[@CR67]\].

Statistical analyses {#Sec19}
--------------------

All statistical analyses were performed in R. A Fisher's exact test (fisher.test in R) was used to determine whether proportions of one variable between two groups are significantly different. A two-sample unpaired Student's *t* test (t.test in R) was used to determine statistically significant differences between the mean values on data with two categories.

Additional files
================

 {#Sec20}

Additional file 1: Figure S1.Relationships between MuF families. Network association of the four HMM profiles of MuF proteins. Each node corresponds to a MuF HMM profile, and each edge width is proportional to the probability of homologous relationship computed by HHsearch for pairwise comparison of HMM profiles using HH-suite (see [Methods](#Sec13){ref-type="sec"}). (PDF 381 kb) Additional file 2: Table S1.General characteristics of bacteriophages, results of the prediction of lifestyle, and of the detection of MuF. **Table S2.** General characteristics of bacterial genomes, prophages and information on whether they encode a MuF protein. **Table S3.** General characteristics of the HMM protein profiles. **Table S4.** General characteristics of the 614 MuF proteins from bacteriophages. **Table S5.** General characteristics of the 901 MuF proteins identified in bacterial genomes. **Table S6.** Information on the bacterial prophages where *muf* genes could be identified. **Table S7.** General characteristics of toxin domains. **Table S8.** List of the MuF proteins identified in the integrated reference catalog of the human gut microbiome \[[@CR41]\]. (XLSX 1074 kb) Additional file 3: Figure S2.Proportion of toxin domains in each MuF family and taxonomical clade. Distribution of MuF protein families in bacteriophages (A) and in bacterial chromosomes (B). The number of MuF proteins detected was reported (in *orange*) for each clade. Proportion of MuF domains associated with a C-terminal extension (Ct_ext) with known toxin domains (*Ct_ext-tox*, in *red*), with unknown domains (*Ct_ext-unk*, in *gray*) or without Ct_ext (*Short*, in *blue*) in bacteriophages (C) and in bacterial chromosomes (D). Only the number of MuF proteins with a known toxin domain, and only bacterial clades with at least four genomes sequenced were indicated (for simplicity). (PDF 832 kb) Additional file 4: Figure S3.Distribution of the length of the proteins encoded by genes annotated immediately downstream of *muf* genes. The association of small ORFs with MuF toxins compared to short MuFs is highly significant (two-tailed unpaired Student's *t* test, *p* \< 0.0001). The three categories correspond to the MuF protein architecture. *Ct-tox* MuF domains associated with a C-terminal extension with known toxin domains, *Ct-unk* MuF domains associated with a C-terminal extension with unknown domains, *Short* MuF domains without C-terminal extension. (PDF 70 kb) Additional file 5: Figure S4.Pairwise comparison of the genetic organization of *muf* and *maf* genes. *Top*: the *muf* gene and the downstream ORF found in phage SM1 (NC_004996) infecting *Streptococcus mitis. Bottom*: the *mafB* toxin gene (encoding WP_003711327.1) and the cognate immunity gene *mafI* (encoding WP_002235294.1) found in *Neisseria meningitidis* NM3001 (assembly GCA_000293665.1). Nucleotide comparison was generated using BLASTn implemented in Easyfig 2.1. *Gray vertical block* indicates regions of shared similarity shaded according to BLASTn identity. The level of nucleotide identity is shown in the gradient scale. (PDF 74 kb) Additional file 6: Figure S5.Genetic context in the vicinity of *muf* genes. Genetic context in the vicinity of *muf* genes detected in bacteriophage genomes (A) and bacterial chromosomes (typically prophages, B). The total number of genes encoding portal (in *yellow*), terminase large subunit (in *blue*), and small subunit (in *purple*) proteins according to their distances to *muf* genes (distance = 0) were reported (see [Methods](#Sec13){ref-type="sec"}). 85% and 87% of *muf* genes were detected close to at least a portal-encoding gene or a terminase-encoding gene in bacteriophage genomes and bacterial chromosomes, respectively. The genetic context around *muf* genes was highly conserved in both datasets. (PDF 442 kb) Additional file 7:HMMER3 hidden Markov model for MuF3. (HMM 113 kb) Additional file 8:HMMER3 hidden Markov model for MuF4. (HMM 107 kb) Additional file 9:HMMER3 hidden Markov model for C-terminal MuF associated domain Ct_MAD. (HMM 114 kb)
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